realized that a number of very perceptive and, in some cases, extensive reviews have already appeared in print. These are listed below. I saw few ways to cover the same ground differently, and certainly no way to cover it better. It seemed more profitable to use this space as an opportunity (i) to examine a few of the special features of Neurospora crassa and closely related species that are likely to escape attention elsewhere and (ii) for some unabashed speculation about the evolutionary pressures that have shaped the control mechanisms extant in Neurospora and perhaps in other eucaryotes. This article is meant to be read with that in mind.
Books, Reviews, and Other Sources of Information The following sources will be useful to those wishing to get abreast of the literature of Neurospora.
Fincham and Day (45) . General fungal genetics textbook, with emphasis on Neurospora. Chromosome mechanics, mutagenesis, mapping functions, fine structure determination, extrachromosomal inheritance, physiological genetics. Davis (37) . A Marzluf (89) . A valuable discussion of genetic regulation of metabolic pathways in fungi.
Perkins and Barry (103) . A Bachmann (5) (6) (7) (8) (9) (10) (11) . Updatings of Bachmann and Strickland (12) .
Davis and DeSerres (38) . Techniques used in doing research with Neurospora, with discussion of their theoretical basis.
"Stanford Neurospora Methods" (122) . Some additional, practical techniques for working with Neurospora.
Perkins (102) . Ascus dissection, especially techniques for working with unordered tetrads.
Brief Description of the Life Cycle and Natural History of Neurospora Nutritional requirements. Neurospora can grow at essentially the maximal rate with only a carbon energy source, mineral salts, and one vitamin, biotin. The latter is absolutely required. The most readily used carbon energy sources are the monosaccharides glucose, mannose, fructose, and xylose and such disaccharides as sucrose, maltose, cellobiose, and trehalose. Disaccharides of exclusively animal origin, such as lactose, are used very poorly. Inorganic sulfate is a good sulfur source, though thiosulfate, methionine, taurine, cysteic acid, and many other compounds can be used instead. Phosphate is the only excellent phosphorus source (see, however, Phosphorus Acquisition System). Ammonium ion is the most commonly used nitrogen source, though nitrate ion, urea, various amides, purines, and a number of amino acids can be used instead (16, 109) . Such inorganic ions as potassium, magnesium, and the usual trace elements are, of course, necessary, with iron acquisition being especially critical under certain conditions (67) . The pH range for growth is about 4.0 to 7.5, with growth being poor at either extreme. Vegetative growth is optimal at about 30 to 350C, though the mold can grow at temperatures as high as 42 and as low as 50C. Neurospora is an absolute aerobe and is considered completely nonpathogenic to humans, animals, and plants.
Ploidy, chromosome number, and genome organization. N. crassa is normally haploid during growth. The sole diploid cell in the life cycle is the zygote nucleus formed by fusion of two haploid nuclei. The diploid nucleus is promptly reduced to haploid products by meiosis. In the haploid state, the organism has seven chromosomes, each having, on the average, slightly more deoxyribonucleic acid (DNA) than does Escherichia coli (68) 10' nucleotide base pairs, there could be as many as 220 of these repeats. The actual figure appears to be closer to 185 (R. Krumlauf and G. A. Marzluf, personal communication) . Surprisingly, the 5S ribosomal RNA is not coded by this repeat unit, as it is in yeast (130) , but is embedded in DNA with many different kinds of flanking sequences (48) . Earlier workers failed to fmd histones in Neurospora, but later investigators who used the wall-less mutant (see below) to isolate chromatin and took precautions to avoid proteolysis have found proteins that apparently correspond to H2A, H2B, H3, and H4 (70) , and Hi as well (60) . The chromatin of Neurospora is organized into nucleosome-like structures that are smaller than those of higher eucaryotes but that seem otherwise rather similar (99 N. crassa is heterothallic. It exists in two mating types, designated A and a, and no mating can occur unless both are present. The two alternatives are determined by a pair of alleles at a unique locus, the mating type locus. The two mating types are phenotypically indistinguishable to us; only Neurospora can tell them apart. The mating types should not be confused with sexes. If a female is defined as the sex that contributes most or all of the cytoplasm to the zygote, either mating type can act as either male or female. The way in which this can be controlled is particularly simple. If mating type A is inoculated onto the medium first and allowed to grow several days, it will be the female. The later arrival on the scene will function as male. The reason for this becomes apparent when the structures involved in mating are examined.
If Neurospora is inoculated onto a solid medium that is marginaly deficient in certain constituents or has nitrate ion as the sole nitrogen source (136) , some of the hyphae curl up into a specialiwd form, the ascogonium, which is surrounded by sterile hyphal tissue. This female structure, which is just visible to the naked eye, is the protoperithecium. In its early stages, it looks very much like a coil pot in the process of construction. The tip of a specialized ascogonial hypha is further differentiated into a trichogyne, a structure which projects from the protoperithecium. When a conidium, microconidium, or even a piece of mycelium of the opposite mating type lands on the trichogyne, a donor nucleus (male) is conducted into the ascogonium, where it meets the resident (female) nucleus. The two do not fuse right away. Both divide in concert, and a number of cells are generated that contain one nucleus of each mating type. When the nuclei of the two mating types do fuse, meiosis proceeds promptly. The four meiotic products each undergo a mitotic division to give four pairs of sster nuclei, and each of these eight is delimited to become an ascospore, or sexual spore. (The nuclei in the ascospores themselves divide to give 16 nuclei but this is usually without genetic consequence.) The maturing, footballshaped, black ascospores from each meiotic event are contained in a sack, the ascus. The restriction on the movement of the meiotic spindles in the developing ascus is such that the ultimate order of the spores in the ascus is signiicant (for details, consult Fincham and Day [45] or any standard genetics text). The dimensions of an ascus are about 20 by 200 um, and there may be several hundred in a mature fruiting body, a perithecium. The spores may be removed individually from an ascus, preserving the order, the ascus may be collected with the spore order randomized; or the spores be collected after they have been spontaneously shot from the perithecium and randomized with others from the same or other perithecia. Useful data can be obtained from ascospores collected in any of these ways.
The ascospores are, of course, products of a sexual process, and as such they are likely to enjoy whatever advantages may be conferred by recombination of parental traits. The cardinal twin properties of ascospores that probably determine the ecological niche of Neurospora are their dormancy and their resistance to heat. Ascospores respire extremely slowly and can lie dormant for years at ambient temperature and humidity-much longer than conidia, though they survive freezing poorly. Unlike other cell types, the ascospores do survive heat shocks of 60°C and more, even in the hydrated state.
Indeed, this is one of two ways in which dormancy is broken. The other is exposure to even very low concentrations of certain volatile ethers, particularly furfural (42, 124) . But furfural (C5H402) is a major product of dehydration formed when xylose or "wood sugar" (C.5H,005) is heated. Thus, either heat or the material resulting from heating woody materials will trigger the germination of ascospores. It is not surprising, then, to find that N. crassa, which is ordinarily inconspicuous or unobservable in na-VOL. 43, 1979 (2a, 31, 139, 141) . The surviving prototrophs become tangled in the filter and are removed, whereas dead spores and auxotrophs pass through. Finally, the suspension is plated onto the nutrient for which auxotrophs are desired.The filamentous structure of hyphae allows microelectrodes to be inserted so that electrophysiology can be done on an organism in which transport mutants can also be selected (119) . Finally, solutions and even organelles can be microinjected into hyphae of Neurospora (137, 138 (38, 57) , the rate of advance of a mycelial front on a solid medium usually depends surprisingly little on nutrition. It is the density of branching behind the front that varies dramatically (56, 57) . Hence, on a rich, mediocre, or poor medium, Neurospora can generally push forward a mycelial front at a rate of 10 to 14 cm/ day. The selective value in being able to do this requires no comment. It can be expected that in colonizing fresh territory, the organism will be actively projecting itself into environments that change rapidly in space as well as in time. At the front and behind it, the territory staked out by the mycelium is exploited for foodstuffs. This involves the secretion of hydrolytic enzymes into the medium and into the periplasmic space as well as the synthesis of permeases. Since this mycelium is usually genetically as well as cytologically a single organism (105) , this does not amount to group selection. Because the mode of feeding is essentially one of rapid advance and then engulfment, it is not surprising that Neurospora can adapt to changes in environment with radical changes in the synthesis of certain enzymes. These include enzymes for the biosynthesis of building blocks, but also hydrolases and permeases needed for the acquisition of carbon, nitrogen, phosphorus, and sulfur sources.
Some Problems of Large Cells One physical parameter of the cell that certainly must be of selective importance is the osmotic pressure; yet this has usually been neglected by cell biologists. It may be useful to consider a simple model of a cylindrical cell, say 10 times the diameter of E. coli. The force exerted at the round end plates will be 100 times that of the bacterium, provided the two are at the same osmotic pressure. There will, however, be 10 times as much wall material around the circumference of the larger cell to resist the tearing force exerted at the ends. The net effect is that the tendency of the cell to rupture in a given hypotonic medium should be proportional to the first power of the cell dimensions. It seems reasonable, then, that a large cell will be under especially strong selection for holding its content of osmotically active particles within reasonable bounds. I will argue that at least two common stigmata of Neurospora and some other wellstudied eucaryotes can be understood in this light: (i) multifunctional polypeptides capable of "channelling" metabolic intermediates and (ii) positive control of gene expression.
The multifunctional polypeptides may help solve two problems at once, as will be developed below (see The aro Anabolic Enzyme Aggregate). Reducing the number of osmotically active polypeptide chains may be to some degree valuable in itself, and reducing the need for large, cell-wide pools of free intermediates is likely to have a still greater effect. The prevalence of these multifunctional polypeptides in eucaryotes has been pointed out by Stark (123) .
The appropriateness of positive control of gene expression for holding down intracellular osmotic pressure during, say, exponential outgrowth of a fungal hypha is unproven but not unreasonable. By positive control, one means that the natural condition of structural genes is one of inactivity and that positive action of a specific macromolecule, which might be provisionally called an "expressor," is needed to pro- CONTROL MECHANISMS AS REFLECTED IN FOUR GENE-ENZYME SYSTEMS In general, synthesis of most anabolic enzymes in Neurospora seems to be either constitutive, as in the aro system (to be examined below), or under a relatively limited degree of control (see, for example, reference 25). Instead, strong control is often exerted via feedback inhibition. An outstanding exception, in which both feedback inhibition and positive control of enzyme synthesis combine to effect a high degree of regulation, is seen in the case of leucine biosynthesis (61, 108) . In this system, the first enzyme private to leucine biosynthesis is under feedback control by leucine. The product of that enzyme, a-isopropylmalate, apparently interacts with a positive control factor produced by the leu-3 gene to provoke expression of structural genes for two subsequent steps in the pathway. In the absence of either a-isopropylmalate or leu-3+ product, these genes are not expressed. Because this interesting system has been discussed in detail rather recently by its principal proponent (see reference 107), it will not be examined further in this section.
Quinic Acid Catabolic System
One of the most extensively studied gene-enzyme systems in any eucaryote is the group of three highly inducible enzymes that catalyze the first three steps in the catabolism of quinic acid. This compound is widely distributed in plants, being abundant in such diverse material as quinine bark, maize, coffee, and plums, so it is not surprising that Neurospora is able to use it adaptively as a carbon and energy source. The three enzymes, quinate dehydrogenase, 5-dehydroquinate dehydratase (catabolic dehydroquinase) and dehydroshikimate dehydratase conduct, respectively, a dehydrogenation and two dehydrations to convert quinic acid to protocatechuic acid (Fig. 1) . The three enzymes are coordinately induced by quinic acid (32, 33 Just proximal to the centromere from qa-3 is the control gene, qa-1. This makes a diffusible product which is viewed as being activated by quinic acid and which is necessary for the expression of the three structural genes. In other words, it is a positive control element. The qa-1 product is almost surely a protein, since alleles with temperature-sensitive expression have been found, and different defective alleles can complement to give a functional product (29) . It is perhaps easiest to imagine the qa-1 product exerting its action by binding to a target region of DNA between qa-1 and qa-3. No mutations that confer independence from the qa-1 product have been found in this hypothetical target. While it continues to seem likely that such a target region of DNA exists and will ultimately be marked by mutations or by suitable in vitro binding studies, other possible modes of action cannot be strictly ruled out. For example, it is possible that even in the absence of a functioning qa-l product, transcription begins at one or more promoters for the gene cluster or the individual genes but that in the absence of the positive control element from qa-1, this incipient transcription terminates or awaits a signal to continue. It is not really known for sure whether control is transcriptional or posttranscriptional. (2) . Since either the PstI or the HindIIl fragments give rise to about the same expression of the qa-2 gene in either orientation with respect to plasmid DNA, it is very likely that the RNA corresponding to this gene is transcribed from a Neurospora DNA promoter, though not necessarily the same promoter that is used in Neurospora. The original DNA from which the Neurospora restriction fragments were prepared was from a qa-lc mutant, but it is doubtful that the qa-1 is present in at least the smaller o( the two cloned inserts; and even if it is present, it is unlikely that qa Tc product is formed. Instead, it seems that E. coli RNA polymerase can initiate transcription on the cloned fragment independent of the qa-1 product, though there is no evidence that it does so at the normal promoter. If, however, the qa-1 product is actually present and causing expression of qa-2, then presumably qa-3 and qa-4 are also carried on the plasmid, since they map between qa-1 and qa-2 (30). The question of whether qa-1, qa-3, and qa-4 are present should be more easily answered now that a transformation system has been developed (see Introduction). In addition, access to pure DNA carrying the putative binding site for the qa-1 product should greatly facilitate attempts to isolate that protein and study its mode of action. It should also make it possible to reconstruct an in vitro transcription-translation system to extend our understanding of this regulatory system to the molecular level (74) .
The aro Anabolic Enzyme Aggregate The biosynthesis of aromatic amino acids in Neurospora starts with erythrose 4-phosphate and phosphoenolpyruvate. It proceeds through seven enzymatic steps to arrive at chorismic acid, the final precursor before the common pathway branches toward the individual aromatic amino acids (Fig. 2) . The seven intermediates are identical with those in E. coli, but the enzymatic machinery is organized in a very different way. In E. coli and in at least five other procaryotes, each enzyme is a separable molecular entity, and in all cases investigated, each was coded by a distinct structural gene (14) . In Neurospora, steps 2 through 6 are part of a multienzyme aggregate that is, in turn, coded by five very discrete, tightly-linked regions which are almost certainly contiguous (26, 55) . Both the genetics and the biochemistry of this geneenzyme cluster have been intensively studied. Mutations in particular regions of the gene cluster give rise to missense mutants that are missing one enzyme or another, and generally these will complement with missense mutants that perturb some other activity, as would be expected of classical cistrons. Polar mutations have also been found. The polar mutations may be placed in a genetic order by mapping; the mutants may also be placed in a strict physiological order by which of the five enzymes survive disruption by the polar mutation-that is, which ones are upstream from the mutation. The rub is that the two orders are discordant. The genetic order, starting from the presumed promoter end, is aro-2, -4, -5, -9, - 43, 1979 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from aro-2 and aro-4 missense mutations and destroy the activities corresponding to aro-2, -5, -9, and -1 while sparing aro-4 (Fig. 3) .
There are other anomalies. For example, there is a polar, apparently nonsense-type tnutation in aro-9 which obliterates the activities coded by aro-9 and aro-1 (27) . Plating the mutant on minimal medium results in isolation of some first-site revertants. At least one of these revertants appears to be the result of converting the nonsense mutation in aro-9 to a missense mutation. This revertant does not regain any aro-9 activity (anabolic dehydroquinase), but it does regain aro-1 activity (dehydroshikimate reductase). Since the anabolic dehydroquinase can be substituted by its catabolic counterpart, the strain is a prototroph. The surprise is that the restored aro-I activity is highly temperature sensitive-even though there is apparently no mutation in that "gene."
This entire situation challenges our understanding of what a cistron is. Ordinarily, we would like to think of a cistron as a genetic entity that codes for a biochemical entity. (i) The genetic entity is such that any two missense mutants in different cistrons will show complementation in trans configuration and will show the mutant phenotype when they are tested in cis. Any two mutants altered in the same cistron will fail to show complementation in trans (except for allelic complementation, which typically gives a product with abnormal kinetic behavior or thermal stability or both). A mutation in one cistron will have no structural effects on enzymes coded by other cistrons. (ii) The biochemical entity is usually thought of as a covalently continuous polypeptide, running from an amino ter- minus to the free a-carboxyl group. In the aro system, there are five genes that sometimes contradict the accepted rules of intercistron complementation. There are also five assayable activities that are physically so tightly associated as to be possibly a continuous polypeptide carrying all five activities. How do we decide whether there are five cistrons or one? How do we decide whether the enzymatic activities are held together with something other than peptide bonds? The answers are not yet clear. The genetic evidence cited above seems to mean that certain of the pleiotropic mutations map as if they were in a single gene but have effects on the properties of "enzymes" coded by other "genes" in the cluster. The most obvious medium of propagation of these changed intensive properties is a continuous polypeptide chain. When one tries to examine the physical structure of the pentafunctional enzyme complex, a different kind of uncertainty arises. There is general agreement that the overall structure of the entity is that of a dimer of some sort, with the total molecular weight being variously estimated as 231,000, 300,000, and 330,000 (22, 50, 86 A second intriguing case of substitution of function involves quinate dehydrogenase, the enzyme coded by qa-3. Like other catabolic dehydrogenases, it is an oxidized nicotinamide adenine dinucleotide (oxidized NAD)-utilizing enzyme. It will accept shikimic acid as a substrate for dehydrogenation, though this is probably a gratuitous reaction in a normal cell. However, in a cell that has lost its anabolic dehydroshikimate reductase (shikimate dehydrogenase) through an aro-1 mutation, the catabolic enzyme can function under certain circumstances in the reverse of its normal direction, to convert accumulated dehydroshikimic acid to shikimic acid, using reduced NAD plus H' as a reducing agent (the anabolic enzyme uses reduced NAD-phosphate plus H' as a reducing agent [reduced NADP]). What is remarkable about this is its discordance with a major generalization on the energetics of anabolism and catabolism. This is that anabolic pathways almost always used reduced NADP as the reducing agent, whereas catabolic pathways used oxidized NAD as the oxidizing agent. At least part of the thermodyon October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from namic drive for anabolism comes from the fact that the intracellular reduced NADP-oxidized NADP ratio is maintained at a high level, favoring anabolism, whereas the reduced NAD-oxidized NAD ratio is kept low, favoring catabolism (for ratios in rat liver, see reference 78). These biased molar ratios also obtain in Neurospora, though to a less dramatic degree (19) . Although the free energy available from a high reduced NADP-oxidized NADP ratio no doubt favors reduction of dehydroshikimic acid, it is not obligatory, since reduced NAD and an NAD-specific enzyme can substitute for it in an anabolic capacity. As a final note, it is interesting that there is a parallel case in Neurospora in which such a substitution is also possible (on paper), but does not operate physiologically. There are two glutamate dehydrogenases in Neurospora. An NADP-specific enzyme catalyzes the reduction of ammonium ion plus a-ketoglutaric acid to give glutamic acid in the net assimilation of inorganic nitrogen (44) . An NAD-specific enzyme catalyzes nominally the same reaction, but it probably operates physiologically in the direction of glutamic acid catabolism, since it is induced by the presence of glutamic acid in the medium (114) . Mutants missing the anabolic enzyme are nevertheless auxotrophs. Hence, it seems that some reactions do not require the thermodynamic drive of a high reduced NADPoxidized NADP ratio, but others do.
Phosphorus Acquisition System The normal media used for growth of Neurospora all contain excess phosphorus in the form of inorganic phosphate. When the mold is instead grown with severely limited inorganic phosphate or on a rate-limiting phosphorus source (phosphorylethanolamine), some seven enzymes are formed which occur only in much smaller amounts, if at all, in phosphorus-sufficient cultures. Each of these enzymes (the list is no doubt incomplete) is concerned in some obvious way with garnering phosphorus for the cell in times of dearth. The enzymes are: a repressible alkaline phosphatase (24, 75, 100a, 127), a repressible acid phosphatase (80, 100, 127) , a 5'-nucleotidase (64), three nucleases (63, 65) , a repressible phosphate permease (80, 84; M. S. Lowendorf and C. W. Slayman, Bacteriol. Proc., p. [130] [131] 1970) , and a phosphorylethanolamine-phosphorylcholine permease (R. L. Metzenberg, unpublished data). Most of these enzymes have counterparts that are made even in phosphate sufficiency. I will refer to these as "housekeeping enzymes" to avoid calling them "constitutive," a term I will reserve for the repressible enzymes when they appear in mutants grown under conditions that normally cause repression. The housekeeping enzymes have different molecular properties from the repressible ones. In the case of alkaline phosphatases, there are major differences in isolectric point, stability, metal requirement, and other properties. The housekeeping and the repressible forms are not immunologically cross-reactive (81) . In addition, the repressible alkaline phosphatase is almost entirely confined to the space between the cell wall and the plasma membrane, outside the major permeability barrier of the cell, whereas the housekeeping enzyme is, in every sense, inside the cell (24) . Taken with the fact that Neurospora seems unable to transport any known phosphate esters into the cell other than phosphorylethanolamine and phosphorylcholine, the localization suggests strongly that the housekeeping alkaline phosphatase serves the internal economy of the cell, probably in ways unrelated to phosphorus nutrition. The repressible enzyme in all likelihood acts by splitting phosphate esters present in the medium, with the phosphate then being transported by the (high affinity) repressible phosphate permease (80) . If one supposes that a major source of phosphorus in the environment of Neurospora will be nucleic acids released from heat-killed plant cells, one is led to postulate three steps involved in acquiring phosphorus from a phosphate-limited medium. There are (i) hydrolysis of nucleic acids to phosphomonoesters by phosphate-repressible nucleases (65) , (ii) hydrolysis of these esters by repressible acid phosphatase and 5'-nucleotidase (mostly in the medium [see references 100 and 64] and repressible alkaline phosphatase (mostly in the periplasm [24] ), and (iii) transport of the phosphate into the cell. The housekeeping phosphate permease is adequate to transport phosphate into the cell under conditions of phosphate sufficiency and a pH below about 7. The Km value of this permease, even at low pH, is much higher than that of the repressible phosphate permease. Furthermore, it rises rapidly with pH, so that at a pH of greater than 7 and external phosphate concentrations of 50,uM or less, the repressible enzyme is absolutely required for growth (80, 84) . This property is readily used as the basis of both scoring and selection of mutants.
The range of expression of the genes for these enzymes, particularly of the repressible alkaline phosphatase, is very large. Under conditions of phosphate starvation, the amount made is at least 10,000 times that in a phosphate-sufficient culture, though to demonstrate the true low value of the repressible enzyme in phosphate sufficiency, it is necessary to physically remove (59, 81) . One unusual allele, pho-2(MKG-2) is capable of producing about 1% of the activity of the wild type, rather than none at all. The small amount of enzyme made by this strain seems to be identical in quality with that of the wild type. pho-2(MKG-2) maps very close to other pho-2 alleles, and it is suggested that it defines a regulatory locus, in this case, the target for a positive-acting protein produced by the nuc-1 gene (see below).
The pho-3 locus, which is the structural gene for repressible acid phosphatase, is identified by a single mutation. The mutant strain produces a temperature-sensitive repressible acid phosphatase that also has an altered Km (96) . pho-2 and pho-3 are unlinked to one another and to the known regulatory genes (see below). Although it is not impossible that some clustered structural genes will be found, there is no indication of it at present.
The regulatory system as revealed by the mutants is extraordinarily complicated. There are four genes involved: nuc-1 and nuc-2 (82, 127) , preg (82) , and a gene provisionally called pgov (Metzenberg, unpublished (59) found a suppressor ofpho-2(MKG-2) that raised the level of expression of this mutant from about 1% of normal to about 40%. The suppressor had no recognizable phenotype except through its effect on pho-2(MKG-2). It was found to lie close to nuc-1. Because of the difficulties of mapping from crosses in which such a conditional phenotype had to be scored, it was not possible to set limits closer than about 1 to 2 centimorgans, but it is quite possible that the suppressor maps in nuc-
1.
Mutants at nuc-2 are of two kinds: nuc-2 null mutants, which are phenotypically indistinguishable from nuc-1, though they map on a different linkage group, and pconc (phosphorus control constitutive) mutants. The terminology for these was unfortunately chosen before it was appreciated that these were allelic with nuc-2 mutants (82) . nuc-2 mutants are recessive to nuc-2+ in both heterocaryons and in partial diploids, and pcon' C'nuc-2' ) mutants are dominant to nuc-2+ and to nuc-2 in both heterocaryons and in partial diploids (93) .
The preg (phosphorus regulation) locus is identified only by the occurrence of constitutive mutants, not null mutants. Unlike the two types of constitutive mutants just described, these are completely recessive to their wild-type allele in heterocaryons and in partial diploids (93) . pregj mutants map about 1 to 2 centimorgans from nuc-2. The two genes behave as separate cistrons. The linkage between them seems too close to be fortuitous (the genome of N. crassa is estimated at about 1,000 centimorgans [103] ). On the other hand, this crossover distance is at least an order of magnitude greater than is usually seen for contiguous genes in Neurospora. The significance of the close linkage is not known. The remaining locus, pgov (phosphorus governance) also has given rise thus far only to recessive constitutive mutants (pgovc). These mutants seemingly are much rarer than pregf mutants and have only been isolated in preg+/ preg+ partial diploids, in which prege mutants on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from VOL. 43, 1979 NEUROSPC are not detected. The pgov' mutants can then be extracted from the aneuploid background. pgov, nuc-i, nuc-2 preg, pho-2, and pho-3 are on five different chromosomes of the seven in the Neurospora genome, a situation hardly reminiscent of the classical lactose operon.
It is almost impossible to engage this tangle of facts without a model. One would hope to construct a model that accurately reflects physical reality, but even one that merely gives some conceptual pegs to hang the facts on is likely to be useful. In making such a model, the epistasishypostasis relationships between mutants at these loci have proved to be even more useful than the dominance-recessiveness relationships between alleles at a locus. In an epistasis test, one takes two mutants with contrasting phenotypes that map in two different genes and makes the double mutant. The one that "wins" is epistatic. When this is done with nuc-1 and either pconc (Cnuc-2cs), preg, or pgovc, it is found that nuc-1 is completely epistatic-the double mutants have the same phenotype as nuc-1. Conversely, when the double mutant between nuc-I' and nuc-2 is made, it is constitutive. Hence, both types of mutants at the nuc-l locus are epistatic to all others, and it seems clear that the product of this locus has the last word on whether the structural genes will be expressed or not. In an analogous way, we find that preg' is epistatic to nuc-2, the double mutant being fully as constitutive as is pregf alone (82) ; and pgov' is indistinguishable from pregc in this respect (Metzenberg, unpublished data (Reasons for favoring the latter hypothesis will be given below.) The nuc-2+ product is viewed as opposing preg+, again, either by repressing its transcription or by nullifying activity of existing nuc-2+ product. The nuc-2+ product is believed to be the target for inactivation by phosphate or a corepressor derived from it. Finally, the position of the recently discovered pgov+ in the epistasis hierarchy is identical with that of preg+. One of several possible working )RA GENETIC CONTROL MECHANISMS 375 hypotheses is that the two form polypeptides that interact to form the negative controller of the positive expressor, the nuc-l+ product. The hierarchy can be diagramed as shown in Fig. 4. (pgov is omitted in the interest of clarity.) This very complicated control system bears some strong formal similarities to the genetic elements that control acid phosphatase in yeast (129) .
The properties of one nuc-1c allele that has been examined in more detail allow some additional hypotheses to be made about the nature of both nuc-lc and the role of preg+. nuc-lc can be put in a genetic background that is diploid for a short region including the nuc-2 and preg genes, using combinations of alleles of these two genes (94) . Consider the simple case of strains that are homozygous for lack of nuc-2 function but which carry either zero, one, or two doses of functional preg+ or, respectively, two, one, and zero doses of pregj (Table 2, 
FIG. 4.
Model for the control of synthesis of the phosphorus family of enzymes. pho-2, pho-3, etc., are the structural genes, which are under positive control by the product of the nuc-lI product. This product is inactivated by the preg' product, which in turn is inactivated or repressed by the nuc-2'product, which in turn is inactivated or repressed by phosphate (Pi) or something derived from it. The role of the pgov gene product (not shown) is identical with that of the preg+ product. The phenotypes of various strains carrying one or more mutations can be calculated by multiplying the positive or negative signs of the regulatory products. Only those regulatory products that are connected to the structural genes by a sequence unbroken by mutation can be included in the calculation. For example, in nuc-2 strains, only the final two regulatory steps are operative (-x +) and such strains are -, i.e., the enzymes are not made. in which the wild type is aneuploid and repressible and has the constitution nuc-lc; nuc-2+ preg+/nuc-2+ preg+. A mutation of one of the preg+ alleles to preg' makes the strain constitutive (a "mutation" from strain G to strain D).
Under these conditions, prege mutants would have been identified as dominant.
It is clumsy, if not quite impossible, to explain the phenotype of nuc-lc by postulating that preg+ normally turns off the synthesis of the nuc-l+ product but that nuc-lc is an operator mutant which cannot be repressed. This would require the rationalization that the operator of nuc-1c is blind to one dose ofpreg+, or nearly so, but that it sees two doses of preg+ very well. Another hypothesis, that nuc-1c makes a special product that has lost its binding site for the preg+ product, suffers from the same inconsistency. A third hypothesis, one consistent with the facts, is that thepreg+ product normally acts by titrating out the nuc-l+ product unless the preg+ product has been negated by nuc-2+ product. nuc-lc can be viewed as an overproducer of the qualitatively normal nuc-1 product such that the usual haploid level of the preg+ product is insufficient to titrate it out but that two doses does so effectively. It is helpful in thinking about this provisional model to assign some arbitrary numbers to the amounts of the nuc-1 and preg products. Suppose that the wild type, nuc-l+, gene makes 100 arbitrary units of product, that nuc-I' makes 250 units of the same material, and of course, that nuc-1 makes none. Let us suppose that preg+ makes 150 units of the preg product and that pregj makes none. We must assume that the preg+ product is only made, or is only effective, when inorganic phosphate is in adequate supply, since in the absence of phosphate it is counteracted by the normal nuc-2 product (see Fig. 4 ). If 150 units of the preg product are present and active, no nuc-l+ will be left over in the wild type, and no expression of the phosphate family or genes will occur. If the allele at nuc-1 is nuc-1c so that there are 250 units of this product, a preg+ gene making 150 units will not be able to complex it all out, and the mutant will be classified as constitutive; but the partial diploid nuc-1c; preg'++(nuc-2+1+) will, under conditions of phosphate adequacy, have 300 units of the preg product, and the strain will be repressible. This dosage titration model also makes some distinctive predictions about the behavior ofheterocaryons between mutants in the nuc-1 locus. If one assumes that the excess nuc-1 product of nuc-lc is diluted in the cytoplasm of a heterocaryon with either nuc-l+ or nuc-1, these heterocaryons should be constitutive ifnuc-Ic nuclei were present in high proportion but repressible if they were present in low proportion. On the other hand, partial diploids heterozygous for nuc-lc and either nuc-l+ or nuc-1 should simply be constitutive. These predictions are borne out (Metzenberg and Chia, Genetics, in press).
Obviously, dominance and recessiveness lose their usual meanings when one may be dealing with a situation in which the product of one gene may react stoichiometrically with the product of another. One is prompted to wonder if some of the deleterious effects of aneuploidy for human autosomes should be considered in terms of altered stoichiometry between regulatory proteins.
The molecular nature of the four regulatory substances corresponding to nuc-i+, preg+, pgov+, and nuc-2+ remain completely unknown. It is attractive to think of the nuc-1 + gene as making a protein that binds to a target site next to each of the structural genes. The presence of this protein would be necessary to activate transcription of the structural genes of the family. Such a protein could work solely on the DNA of the target site, or it could take part in a concerted action with the site and RNA polymerase. In either case, one would expect to find it in the nucleus. There is no evidence on how the other regulatory molecules interact with one another. It is perfectly possible that all of them occur together physically as a complex, perhaps much like the glutamine synthetase regulatory complex of enterobacteria (52, 58, 87) or the glycogen phosphorylase system of mammals (46) . It remains to be seen whether multigenic control systems generally will operate through interacting gene products which are themselves made constitutively or whether they will work via a cascade of induction and repression, with the control elements themselves being controlled.
Some recent findings indicate that the products of regulatory genes for the galactose system of yeast are made constitutively (91, 106) . Alternative Modes of Expression of an Extracellular Protease Neurospora must frequently encounter proteins in exudates of charred plant material, and, in some cases, protein probably constitutes the sole significant source of either carbon, nitrogen, or sulfur. It is to be expected that the pH in such a habitat will often be above 7.0 due to combustion of the sodium and potassium salts of organic acids of plant cells (alkali = Arabic al qaliy, "the ashes"). It is not surprising, then, to find that Neurospora is capable of making and secreting several proteases, in particular, one that is both stable and active at elevated pH. What is unusual is the mode of control. Production of the alkaline protease requires the presence of an extracellular protein source as inducer, plus any one of three different situations of nutritional deprivation. These can be carbon starvation (40) , nitrogen starvation (33a, 61a), or sulfur starvation (61a). Later, it was found (62) that the alkaline proteases secreted under these three conditions were indistinguishable in all biochemical properties studied, and Cohen et al. (34) reported that the alkaline proteases made under the different starvation conditions were immunologically cross-reactive. Hanson and Marzluf (62) were not able to select mutants in the putative structural gene, but they did find among a collection of natural isolates of Neurospora one which had a protease of altered electrophoretic mobility. The alteration proved to be the same under all three starvation regimens. This strongly supports the idea that any one of three different signals is sufficient to turn on expression of a single gene.
In the case of both nitrogen acquisition and sulfur acquisition, substantial information is available about element-specific control genes, and the role of these genes in control of the alkaline protease is revealing. Ammonium ion seems to be the preferred nitrogen source, and it can repress the formation of a large number of permeases and intracellular enzymes that lead to acquisition of ammonia from nitrate ions, purines, or exogenous amino acids (109, 110, 120; see, however, Tsao and Marzluf [128] ). None of these enzymes, including even one permease that is not ammonia repressible, can be formed in anything approaching normal derepressed amounts in the absence of a functional product of the gene amr (ammonia regulation [see reference 110]). amr is almost surely allelic with the long-known nit-2, a gene whose wild-type product is necessary for formation of nitrate reductase. amr+ is envisioned as exerting direct, positive control over the expression of at least some of these genes related to nitrogen acquisition and either direct or indirect control over the rest of them (127) . At least four of the activities under the control of amr have been mapped to specific genes, and these are unlinked or weakly linked to amr and to one another. The important point to be made here is that the amr+ product is needed not only for the synthesis of these enzymes of nitrogen acquisition but also for synthesis of the alkaline protease-but only under conditions of nitrogen starvation.
The enzyme can be made perfectly well in amr mutants under conditions of carbon or sulfur starvation.
Just as lack of ammonium ions seems to be the cue for production of the nitrogen family of enzymes, lack of intracellular cysteine is apparently the signal to make enzymes of sulfur acquisition (72, 77) . Growth on a rate-limiting sulfur source, such as cysteic acid, or simple sulfur starvation results in the synthesis of a family of enzymes made in small or undetectable amounts in sulfur-sufficient cultures (23, 90) . Two genes, cys-3 and scon, exert a high degree of control over the formation of these enzymes. cys-3 mutants are pleiotropic null mutants for formation of all of the enzymes, whereas the sole scon' VOL. 43, 1979 on October 16, 2017 by guest http://mmbr.asm.org/ Downloaded from 378 METZENBERG mutant is constitutive for all of them and has unusual properties that are outside the scope of this review (23) . cys-3 is epistatic to sconC in double mutants (39) Mutants with drastically reduced levels of cyclic adenosine 3',5'-monophosphate (112, 117, 118) and of adenylate cyclase (47) 
